. 2002. Molecular cloning, characterization, and expression of a redox-responsive cutinase from Monilinia fructicola (Wint.) Honey. Fungal Genetics and Biology 35, 261-276. cDNA clones encoding a cutinase expressed in cutin-induced cultures of the plant pathogen Monilinia fructicola were isolated using a protein-based strategy. The largest cDNA (Mfcut1) was found to contain an open reading frame of 603 bp that predicted a 20.2-kDa protein of 201 amino acids with a 20-amino-acid secretory signal peptide and a pI of 8.4. The predicted protein contained cutinase/lipase consensus sequences with active site serines and potential protein kinase phosphorylation sites. Comparison of the deduced amino sequence from Mfcut1 with other fungal cutinase sequences revealed new features, which include conserved cysteines, C-terminal aromatic residues, and a novel histidine substitution in the D-H active site motif. The presence in the growth medium of antioxidants, such as caffeic acid, suppressed mRNA accumulation and enzyme activity of a cutinase from M. fructicola. MFCUT1 was expressed at high levels as a His-tagged fusion protein in Pichia pastoris and purified to apparent homogeneity in a single step by Ni 2؉ -nitrilotriacetic acid affinity chromatography. Analysis of variant MFCUT1 mutants in which the novel serine and histidine residues were replaced by site-directed mutagenesis indicated that these residues had an important effect on enzyme activity. 
Fungal cutinases are inducible extracellular enzymes that catalyze hydrolysis of cutin, the major aliphatic polymer of the plant cuticle. Cutinases belong to a class of serine hydrolases that hydrolyze fatty acid esters and emulsified triglycerides as efficiently as lipases, but without showing the enhancement of activity in the presence of a lipid-water interface characteristic of true lipases (Verger et al., 1976) . The strong lipolytic activity and surface hydrophobic properties of cutinases have been exploited in their use in laundry detergents. Several cutinases from pathogenic fungi have been purified and cloned (Dickman et al., 1982; Kolattukudy, 1984; Koller and Parker, 1989; Tenhaken et al., 1997; Trail and Koller, 1993) . Among these is the cutinase from the pea pathogen, Fusarium solani f. sp. pisi, the first cutinase purified and characterized and the only one that has been extensively studied structurally and biochemically (Kolattukudy, 1984; Martinez et al., 1992; Prompers et al., 1999) .
Various roles have been ascribed to fungal cutinases, including penetration of the plant cuticle during initial stages of infection (Hegde and Kolattukudy, 1997; Kolattukudy et al., 1995; Francis et al., 1996) , spore attachment (Deising et al. 1992) , and participation in carbon acquisition for saprophytic growth (Koller and Parker, 1989) . Enzymatic degradation of the cuticle has been postulated to be critical for direct penetration of the aerial portions of plants during infection by fungal pathogens (Kolattukudy et al., 1995) , although the issue of whether fungal penetration is primarily an enzyme-assisted process or primarily a mechanical process arising from the pressure of an infection hypha continues to be debated (Kolattukudy et al., 1995) .
Several lines of evidence support a role in infection for cutinases produced by plant pathogenic fungi. These include the demonstration that anti-cutinase antibodies and cutinase-directed inhibitors protect intact host tissue from fungal infection (Van der Dickman et al., 1982) and studies with cutinase-deficient and cutinase-overexpressing mutants that display altered virulence or pathogenicity phenotypes on intact hosts (Dantzig et al., 1986; Dickman and Patil, 1986; Dickman et al., 1989; Rogers et al., 1994) . However, the importance of cutinase for plant penetration has been questioned because several disrupted fungal cutinase genes are expendable for pathogenicity (Crowhurst et al., 1997; Stahl and Schafer, 1992; Sweigard et al., 1992; , with other mechanisms apparently compensating for the lack of this enzyme.
The initial signals perceived by pathogenic fungi prior to penetration of their host plants are poorly understood. Surface signals are likely crucial for the differentiation of essential infection structures and the display of potential pathogenicity factors (e.g., toxins and depolymerases). In this vein, cutinases may partially degrade the plant cuticle to generate cutin monomers, which have been shown to trigger conidial germination and differentiation of appressoria (Gilbert et al., 1996; Hegde and Kolattukudy, 1997; Kolattukudy et al., 1995) . In the case of quiescent infections, wherein a pathogen is restricted within the host in an inactive state, host factors could signal the pathogen to remain in a state of arrest and prevent its differentiation into an infectious form. Cutinases may be representative of a series of cuticle and cell wall degrading enzymes produced by fungal pathogens, and our interest stems from the view that understanding their regulation in the context of quiescence could contribute to improved control strategies.
Monilinia fructicola (Wint.) Honey is among the most important pathogens of stone fruit species and is responsible for severe blossom blighting and pre-and postharvest fruit rots (Ogawa and English, 1991) . The fungus can remain in a quiescent state in the epidermis of immature fruit until harvest maturity (Prusky, 1996) , whereupon these latent infections activate to result in colonization and destruction of fruit. The transition to fruit susceptibility during ripening has been attributed to a number of factors, such as nutrient accessibility, structural changes in host cell wall polymers, and the release of volatiles from the fruit that activate the pathogen (Kolattukudy et al., 1995; Prusky, 1996) . Another possibility is that changes in redox-climate resulting from a decline in redox-active compounds such as surface phenolic acids could serve a signaling role in the activation process. Genotypes of processing peaches with high levels of fruit resistance to brown rot disease possess a thicker cuticle than susceptible peach genotypes and contain high levels of phenolic compounds in the fruit flesh and epidermis (Bostock et al., 1999) .
Previously we reported the suppression of M. fructicola cutinase activity by the naturally occurring phenolic antioxidants, chlorogenic and caffeic acids (Bostock et al., 1999) , and the affinity purification of a cutinase from M. fructicola using trifluoroketone ligands (Wang et al., 2000) . In the present study, a full-length cDNA encoding a cutinase from M. fructicola was isolated using a proteinbased strategy, and the regulation of its mRNA abundance by caffeic acid is described. Sequence analysis and comparison with other fungal cutinases reveal that the cutinase of M. fructicola reported here has several novel features. In this study, the cloned cutinase also was successfully expressed in Pichia pastoris, and a C-terminal affinity tag of six histidine residues was engineered in the expressed protein using polymerase chain reaction (PCR).
3 The expressed histidine-tagged cutinase protein was efficiently purified in a single step using Ni 2ϩ -nitrilotriacetic acid (NTA) affinity chromatography and the purified protein was shown to hydrolyze cutin. 3 Abbreviations used: BMGY, buffered glycerol complex; BSA, bovine serum albumin; MD, minimal dextrose; MM, minimal methanol; MOPAC, mixed oligonucleotide primed amplification of cDNA; NTA, nitrilotriacetic acid; PCR, polymerase chain reaction; YPD, yeast extractpeptone-dextrose.
MATERIALS AND METHODS

General
Restriction endonucleases and DNA-modification enzymes were obtained from New England Biolabs (Beverly, MA). pPIC9K and the Pi. pastoris strain GS115 were purchased from Invitrogen (San Diego, CA). Medium components were from Difco (Detroit, MI). ElectroMax DH10B-competent cells and antibiotics were purchased from Life Technologies (Rockville, MD). Cloned Pfu DNA polymerase was purchased from Stratagene (La Jolla, CA).
Cutinase Purification and Amino Acid Sequences of Peptides Derived from the Purified Protein
A single-spore isolate of M. fructicola (isolate AF32/81 from peach) was used as a source of cutinase by inducing it with apple cutin in a modified Czapek-Dox medium (Bostock et al., 1999) . The filtrate was concentrated approximately 15-fold by lyophilization and the concentrate was dialyzed (10 kD mwco; Millipore) at 4°C overnight against 10 mM phosphate buffer, pH 7, with three changes of buffer. The concentrated cutinase filtrate was resolved by isoelectric focusing (IEF) gel electrophoresis according to Robertson et al. (1987) and then by SDS-PAGE (O'Farrell, 1975) . A lane slice excised from the IEF gel was overlaid onto a SDS gel to further separate the cutinase proteins, and the proteins were visualized with Coomassie brilliant blue G-250 (Neuhoff et al., 1988) . The protein band of interest was excised, washed in 15 ml of water to remove acetic acid and SDS, and digested with endoproteinase Lys-C (Hwang et al., 1996) . The resulting peptide fragments were subjected to reverse-phase Microbore-HPLC using an Ultrafast Microprotein Analyzer (Microm BioResources, Inc., Pleasanton, CA) and separated on a Rolliastil C-18 column (1 mm ϫ 15 cm, 5 M, 300 A; Michrom Bio Resource, Inc., Auburn, CA). Peptides were eluted with a linear gradient of 5% solvent A (1% trifluoroacetic acid in 20% acetonitrile) to 70% solvent B (0.075% trifluoroacetic acid in 90% acetonitrile) in 90 min, at a flow rate of 50 l/min, and detected at 210 nm (detector range 0 -0.1 A). The separated peptides were sequenced on an ABI 470 A sequencer (ABI Applied Biosystems, Foster, CA) equipped with an ABI 120 A online HPLC. Data were analyzed with ABI 610 software.
Oligonucleotides and Polymerase Chain Reaction Parameters
Based on the amino acid sequences of peptides derived from the purified cutinase protein (Wang et al., 2000; Fig. 1, top) , degenerate primers of both sense and antisense strands were designed with deoxyinosine substitution as indicated in Fig. 1 (middle) . Total RNA from mycelia of M. fructicola grown in the presence of apple cutin was extracted according to Logeman et al. (1987) with modification. Poly(A) ϩ RNA was isolated using Dynabeads Oligo(dT) 25 (Dynal, Inc., Lake Success, NY) and used as a template for reverse transcription with Superscript II RNase Reverse Transcriptase (Life Technologies, Grand Island, NY), according to the manufacturers' instructions. The reaction products were precipitated with 3 M ammonium acetate and 100% ethanol, washed with 70% ethanol, and resuspended in sterile water. The cDNA was amplified by PCR using Vent Polymerase (New England Biolabs) with degenerate primers according to the method of Lee et al. (1988) . The PCR products were resolved in 5.6% polyacrylamide gels or on 2% agarose gels (Fig. 1,  bottom) . The bands of interest were excised and dscDNA was recovered using the QIAquick Gel Extraction Kit (Qiagen Inc., Chatsworth, CA) according to the manufacturer's instructions. The recovered dscDNA was subcloned into pBluescript II KS, and the subclones were characterized by sequencing.
Construction and Screening of a CutinInduced Zap cDNA Library
Total RNA was prepared from apple-cutin-induced mycelia of M. fructicola, and poly(A) ϩ was isolated with an oligo(dT) cellulose column (Life Technologies, Gibco BRL). Synthesis and ligation of cDNA to the Zap Express Vector were carried out using the Zap Express cDNA synthesis kit (Stratagene). The ligated DNA was packaged in vitro using the Zap Express Gigapack III Gold cloning kit (Stratagene). The library was used for cDNA screening without further amplification.
Approximately 8 ϫ 10 5 plaques were screened using the above cloned cDNA fragment (186 bp) as a probe. For cDNA probe labeling, plasmid DNA prepared from a clone containing the target cDNA fragment was restricted with EcoRI and BamHI. The resulting restriction products were fractionated in a 2% agarose gel, and the target fragments were excised and extracted from the gel using the QIAquick Gel Extraction Kit. The probe was radioactively labeled with the Random Primed DNA Labeling Kit (Boerhinger Mannheim) according to the manufacturer's protocol. Nylon membrane (MSI, Micron Separation Inc.) replicas of the plaques from the Zap Express library were prepared according to the kit instructions. The membrane filters were prehybridized in 5ϫ sodium chloride/sodium phosphate/EDTA buffer (SSPE), 5ϫ Denhardt's solution, 0.5% SDS (w/vol), and 0.05 mg/ml denatured salmon sperm DNA for 3 h at 65°C. Hybridization was carried out at 65°C in the same buffer containing a 32 P-labeled probe for 16 h. The filters were washed by incubating them in solutions containing 2ϫ SSPE and 0.1% SDS at room temperature twice, then 1ϫ SSPE and 0.1% SDS at 65°C for 15 min, and finally 0.5ϫ SSPE and 0.1% SDS at 65°C for 15 min. Twenty-five putative cutinase clones were detected with the hybridization probe following autoradiography and rescreened under the same conditions.
RNA Gel Blot Analyses
Total RNA samples (10 g) prepared from apple-cutininduced mycelia were denatured, resolved on 1% agarose gels containing 20% (w/vol) formaldehyde, and transferred to a Hybond-N ϩ nylon membrane (Amersham Pharmacia Biotech). The RNA was fixed to the membrane by heating (80°C) in an oven and prehybridized in a solution containing 50% formamide, 5ϫ SSC, 0.05 M PB, 5ϫ Denhardt's solution, 0.1% (w/vol) SDS, 0.01% (w/vol) NaPP i , and 200 g/ml denatured salmon sperm DNA at 42°C for 3 h. The membranes were then hybridized in a solution containing 50% formamide, 5ϫ SSC, 0.02 M PB, 1ϫ Denhardt's solution, 0.1% SDS, 0.01% NaPP i , 200 g/ml denatured salmon sperm DNA, and a 32 P-labeled full-length cDNA probe (1 ϫ 10 6 cmp/ml) at 42°C for 16 h. The membrane was washed sequentially in a solution containing 2ϫ SSC and 0.1% SDS at room temperature for 15 min, a solution containing 1ϫ SSC and 0.1% SDS at 40°C for 10 min, and finally a solution containing 0.5ϫ SSC and 0.1% SDS at 40°C for 10 min. For quantification, the radioactive signals were counted using a two-dimentional radioisotope imaging system (Ambis, Inc., San Diego, CA).
Enzyme Assays and Protein Determinations
Esterase assays were performed using p-nitrophenyl butyrate (PNB) as a substrate in 96-well microtiter plates (Bostock et al., 1999) . Each assay was carried out in triplicate. Cutinase activity was determined using tritiated cucumber cutin, in triplicate, using an incubation of 8 h at 36°C (Bonnen and Hammerschmidt, 1989) . Protein concentrations were determined by the method of Bradford (1976) using reagent supplied by Bio-Rad and bovine serum albumin (BSA) as a standard.
Gel Electrophoresis and Histochemical Staining
PCR products were analyzed by SDS-PAGE according to Laemmli (1970) on 0.75-mm gels (12% acrylamide in running gel, 4.5% acrylamide in stacking gel). Agarose gel electrophoresis was performed using standard protocols (O'Farrell, 1975; Sambrook et al., 1989) .
For protein analyses, SDS-PAGE was performed according to Laemmli (1970) on 1-mm-thick gels (12 or 14% acrylamide in running gel, 4.5% acrylamide in stacking gel). Proteins were visualized by silver staining as described by Blum et al. (1987) , with slight modification. Methanol and ethanol concentrations were decreased from 50 to 35% and washing time was shortened by half.
For SDS gels, proteins were renatured by incubating the gel in sodium phosphate buffer, pH 7.0, containing 0.1% Triton X-100 for 2 h at room temperature with shaking. The gel was briefly washed with sodium phosphate buffer, pH 7.0, twice prior to esterase activity staining. Esterase activity staining was performed by incubating the gel in solution containing 50 g ␣-naphthyl acetate, 50 g ␣-naphthyl butyrate, and 10 mg Fast blue RR salt in 100 ml of 0.1 M sodium phosphate buffer (pH 7) for 1 h at 30°C or until the desired color intensity appeared (Ibrahim and Rowe, 1995) .
DNA Sequencing and Sequence Analysis
DNA sequences were determined with universal and specific internal primers (Genset, La Jolla, CA) with an Applied Biosystems Model 377 sequencer (Perkin-Elmer) using dye terminator chemistry and AmpliTaq DNA polymerase, FS (Taq; FS; Perkin-Elmer/Applied Biosystems). Alignments were determined using the PILEUP multiple sequence alignment program. Nucleotide and amino acid sequence homology searches were carried out with the NIH-BLAST program (National Center for Biotechnology Information).
Construction of Expression Plasmids
Two plasmid constructs, one encoding the secretory signal and mature cutinase protein and the other encoding only mature cutinase protein, were created using PCR with specific primers (Ho et al., 1989) . Both constructs were generated from pBK-CMV (Stratagene) containing the full-length M. fructicola cutinase cDNA (Mfcut1). Two synthetic oligonucleotides incorporated with an EcoRI target site, primers A and B, and encoding the secretory signal peptide and the mature cutinase protein, respectively, were used as sense primers (Primer A, 5ЈGG GAA TTC ATG AAG ACC TCA GCT CAA CAA C 3Ј; Primer B, 5ЈCG GAA TTC ATT GCA GCT CCT ACA GGC G 3Ј). A third oligonucleotide used as the antisense primer incorporated sequences encoding the AvrII target site and six histidine residues (Primer C, 5ЈTTA CCT AGG TTA ATG ATG ATG ATG ATG ATG GGA GCC TGC AAC TTG CTT GAC 3Ј (antisense)). To minimize amplification error, cloned Pfu DNA polymerase was used in the PCRs. These reactions were carried out in a final volume of 100 l containing 200 pmol of each primer, 1 l (10 ng) of pBK-CMV DNA containing the full-length cutinase cDNA, 0.2 mM each dNTP, and 2 units of cloned Pfu DNA polymerase under the conditions of 35 cycles of denaturation at 95°C for 1 min, annealing at 60°C for 2 min, and extension at 72°C for 3 min. The PCR products were resolved in a 1% agarose gel. The bands of interest were excised and DNA was recovered using the QIAquick Gel Extraction Kit (Qiagen Inc.).
The recovered PCR products were digested with EcoRI and AvrII and the resulting restriction mixtures were separated in a 1% agarose gel. The bands of interest were excised and the DNA was recovered as above. The expression vector pPIC9K also was digested with EcoRI and AvrII, and the resulting products were extracted with phenol:chloroform:IAA (25:24:1), precipitated with 100% ethanol, washed with 75% ethanol, dissolved in sterile H 2 O, and separated in a 1% agarose gel. The linearized plasmid DNA was recovered as above. The two constructed DNA restriction fragments and plasmid DNA were ligated with T4 DNA ligase. The reaction mixtures were extracted and precipitated as above. The ligated DNAs were transformed into DH10B-competent cells by electroporation. The electroporated competent cells were plated and single colonies were analyzed according to a standard protocol (Sambrook et al., 1989) . The reading frame of the two constructs was confirmed by sequencing using the ␣-factor primer and 3Ј AOX1 primer.
Transformation of Pichia with Mfcut1 and Screening of Transformants
Procedures suggested in the Pichia expression system manual were followed with slight modifications. The cloned pPIC9K DNA was linearized with BglII. The restriction mixture was extracted and precipitated as above. To prepare the electrocompetent Pichia cells, a fresh culture in yeast extract-peptone-dextrose (YPD) medium (OD 600 ϭ 1.3-1.5) was centrifuged at 1500g for 5 min, and the pellet was resuspended in ice-cold sterile water. The suspension was centrifuged and the pellet resuspended as above. The resulting suspension was then centrifuged and the pellet resuspended in ice-cold 1 M sorbitol. The sorbitol cell suspension was centrifuged at 1500g and the pellet finally resuspended in 1 ml ice-cold 1 M sorbitol. Eighty microliters of the prepared competent cells and 10 g of linearized plasmid DNA were mixed and kept on ice for 5 min in a 0.2-cm electroporation cuvette. The mixture was electroporated using a Bio-Rad GenePulse Electroporator at 1500 V. One milliliter of ice-cold 1 M sorbitol was immediately added to the cuvette after electroporation. The electroporated cells were plated on minimal dextrose (MD) plates containing G418 to screen for multiple inserts. Colonies, which could grow on plates containing 4 mg/ml G418, were used for cutinase induction. To screen strains for high levels of cutinase secretion, colonies of interest were transferred to a 50-ml Corning polypropylene tube containing 10 ml of buffered glycerol complex (BMGY) medium, the tube was incubated with shaking for 2 days at 28°C, and then the culture was harvested by centrifugation for 10 min at 3000 rpm. The pellet was suspended in 3 ml of minimal methanol (MM) medium. The tube was incubated again at 28°C in a shaking incubator and covered with two layers of cheesecloth. After 1-day induction at 28°C, 1 ml MM medium or 5% methanol was added to compensate for the evaporation of medium, and induction continued for 2 days at 28°C. The cells were spun down and the supernatant was saved for enzyme assay. The strains expressing high levels of cutinase proteins were used for large-scale induction.
Purification of the Expressed Cutinase
The expressed cutinase was harvested by centrifuging the cultures in a 250-ml centrifuge bottle at 10,000g for 15 min. The supernatant was transferred to a new flask and kept on ice. Proteins in the supernatant were precipitated with 100% ethanol, which was kept at Ϫ80°C prior to use. Two volumes of the cold ethanol were added to the enzyme solution dropwise with stirring. The ethanol and enzyme solution was centrifuged at 4°C for 15 min at 10,000 rpm. The pellet was washed with 66% ethanol, dried in air, and suspended in 10 mM sodium phosphate buffer, pH 7.3. The histidine-tagged cutinase was purified using Ni 2ϩ -NTA affinity chromatography under nondenaturing conditions according to the manufacturer's directions (Qiagen).
Point Mutagenesis and Enzyme Kinetics
Variant cutinase mutants of the histidine-tagged wildtype cutinase, Ser103A, Ser103T, and His173L, in which Ser103 and His173 were replaced with Ala, Thr, and Leu, respectively, were made using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). The mutants were confirmed by sequencing, and the mutant proteins were purified as described above. The parameters K cat and K m were calculated from Eadie-Hofstee plots (McGrath et al., 1992) .
RESULTS
Partial Amino Acid Sequence of a Purified Cutinase from M. fructicola
Internal sequences of two peptide fragments (A and B) of a purified cutinase from M. fructicola were determined ( Fig. 1, top; Wang et al., 2000) . A search of the GenBank database with the amino acid sequences of peptide A and peptide B revealed a high degree of homology to CutA, a cutinase from Botrytis cinerea (Van der . Residues 111-128 had 88% identity and residues 70 -91 had 63% identity with internal sequences of CutA as shown in Fig. 1 . Through comparison with CutA and other cloned cutinases, peptide A was deduced to be located downstream of peptide B. Peptide A also contained the consensus sequence for the active serine in a catalytic triad (Martinez et al., 1992) .
Mixed Oligonucleotide Primed Amplification of cDNA (MOPAC) PCR and Cloning of a Cutinase cDNA Fragment
Degenerate primers were designed based on the amino acid sequences of peptides A and B, as shown in Fig. 1 (middle). Two major PCR products of 186 and 470 bp were obtained when primers 2 and 3 were used in a MOPAC PCR with the first-strand cDNA of cutin-induced poly(A) ϩ RNA from M. fructicola as a template (Fig. 1, bottom) . These products were then subcloned and sequenced. Sequence analysis indicated that the 470-bp PCR product was an artifact. However, the 186-bp PCR product contained nucleotide sequence encoding peptides A and B and also aligned with other cutinase sequences in the database. Primers 3 and 4 and primers 1 and 4 also were used to amplify the first-strand cDNA, but did not generate PCR products.
Cloning of a Full-Length Cutinase from M. fructicola
The cloned 186-bp cDNA fragment was excised from plasmid DNA and used as a hybridization probe to screen a Zap cDNA library. Nine independent clones were isolated and sequenced. All of the nine clones encoded the same full-length cutinase gene and varied only in the length of the 5Ј-and 3Ј-untranslated regions. The fulllength cDNA contained 1177 nucleotides, including 161 nucleotides of 5Ј-untranslated sequence and 413 nucleotides of 3Ј-untranslated sequence with a poly(A) tail, as shown in Fig. 2A . An ATG codon initiated an open reading frame at position 162 and a TAA consensus stop codon was present at position 765. The 3Ј-untranslated region also contained three putative polyadenylation signals. A single reading frame beginning at ATG with CAAA consensus flanking sequence at the initiating codon predicted a protein of 201 amino acid residues with an NH 2 -terminal methionine and a COOH-terminal serine, a molecular mass of 20,227 Da, a predicted pI of 8.4, and a secretory signal peptide of 20 amino acid residues. The predicted mature protein contained 181 amino acid residues with a molecular mass of 18,134 Da, with a predicted pI of 8.2. Motif analysis of the deduced cutinase protein identified one potential N-linked glycosylation site, a protein kinase C phosphorylation site, a lipase active serine (residue 103), and a cutinase active serine (residue 106) in the cutinase-1 consensus sequence. In addition, there is a novel His substitution (residue 173) in the D (residue168)-H (residue 181) consensus sequence of the cutinase-2 motif.
The hydropathy plot generated from the translated sequence reveals a prominent hydrophobic segment near the amino terminus (Fig. 2B) , which is composed of 12 amino acids (residues 8 to 19). This putative signal anchor sequence would place 7 residues within the cytosolic compartment and 182 residues within the lumen of the secretory organelle during the secretory process. Also, the plot reveals additional hydrophobic regions of the M. fructicola cutinase, which could facilitate the association of the protein with its substrate.
A three-dimensional model of MFCUT1 was deduced using the SWISS-Model program and RasMol software for visualization (Fig. 3) . The cutinase of F. solani f. sp. pisi (1CUW), the crystalline structure of which has been been resolved at the 2.7-and 1-Å levels (Longhi et al., 1996 (Longhi et al., , 1997 , was used as a template. The model shows the relationship among the residues forming the catalytic triad and the novel Ser and His residues within the cutinase-1 and cutinase-2 motifs, respectively. The model also shows that MFCUT1 displays the typical ␣/␤ folding of serine esterases, with five parallel ␤-sheets sandwiched by two ␣-helices.
Phylogenetic Comparison of the Cutinase of M. fructicola with Other Fungal Cutinases
A search of the protein database with the amino acid sequence of the cutinase from M. fructicola revealed a high degree of homology to cutinases from other fungi and especially one from B. cinerea. The amino acid sequence identity of the entire coding sequence of MFCUT1 is 71% with a cutinase from B. cinerea and 46% with a cutinase from Pyrenopeziza brassicae, but varies between 28 and 35% with other fungal cutinases in the database (Fig. 4A) . However, there was little similarity between MFCUT1 and a cutinase from the Stramenophile, Phytophthora capsici (Munoz and Bailey, 1998) . Further analysis of the cutinase from Ph. capsici revealed that this cutinase had no similarity to any of the other cutinases from true fungi and lacked cutinase motifs typical of these.
Previous analyses of fungal cutinases identified two functional motifs containing active serines, cutinase-1 and cutinase-2 (Ettinger et al., 1987; Martinez et al., 1994) . All cutinases from true fungi contain the cutinase-1 motif (active serine), but only some, such as M. fructicola, B. cinerea, and Py. brassicae, contain the cutinase-2 motif.
The consensus sequence for the cutinase-2 motif is less conserved among fungal cutinases than that of the cutinase-1 motif. The cutinase-active serine is within a highly Kyte and Doolittle (1982) with a window of 9 amino acids.
conserved sequence of GYSGG present in all fungal cutinases. The other catalytic residues, aspartate and histidine, are also conserved among the fungal cutinases, except that from Py. brassicae, which lacks the aspartate residue in this position. All the fungal cutinases contain at least one potential protein kinase phosphorylation site. The biological or functional significance of these sites is unknown.
Fungal cutinases also are rich in disulfide bonds, with one cysteine near the N-terminus, one cysteine and one proline near the active serine region, and two cysteines near an aspartate and a histidine. These residues are conserved in all fungal cutinases reported thus far. The model shows that cysteines at the N-terminus and near proline form one disulfide bond, and the two cysteines around the other catalytic residues form another disulfide bond to stabilize the catalytic center. Aromatic residues, tyrosine, phenylalanine, or tryptophan, are conserved in the C-terminus of all fungal cutinases, and these residues have been suggested to be important for sugar binding (Shcherban et al., 1995) . The most divergent region in fungal cutinases is the secretory signal sequence.
Fungal cutinase sequences were aligned using PILEUP (Wisconsin Package, version 10, Genetic Computer Group, Madison, WI). A phylogenetic comparison of the deduced M. fructicola cutinase with cutinases from other fungi revealed that fungal cutinases fall into two main branches (Fig. 4B) . A cutinase from Ascochyta rabiei was the most divergent of all and forms a separate, distinct branch with no close relatives. Fungi using similar penetration strategies during infection appear to share the   FIG. 3 . Three-dimensional model of MFCUT1 deduced using SWISS-MODEL and visualized with RasMol. The template used for modeling was a cutinase (1CUW) from Fusarium solani f. sp. pisi (Longhi et al., 1997) . The Asp, His, and Ser residues forming the catalytic triad and the novel Ser and His (italicized) residues are indicated (see text).
FIG. 4.
Alignments (A) and phylogenetic analysis (B) of MFCUT1 and other fungal cutinases. Cutinase sources: mofr, Monilinia fructicola; boci, Botrytis cinerea; pyab, Pyrenopeziza brassicae; fupi, Fusarium solani f. sp. pisi; coca, Colletotrichum capsici; glci, Colletotrichum gloeosporioides; magr, Magnaporthe grisea; alab, Alternaria brassicicola; asab, Ascochyta rabiei; asor, Aspergillus oryzae. Asterisks are placed underneath conserved residues. Stars (✫) are placed below residues within the catalytic triad. (A') indicate cysteine residues that could participate in disulfide bond formation. Closed and open circles indicate a lipase-active serine and a novel His substitution for Gly in the cutinase-2 motif, respectively. Phylogenetic analyses (B) were carried out using maximum parsimony in PHYLIP with 100 bootstrap resamplings. Bootstrap values supported in more than 50% of the trees are indicated.
highest degree of cutinase sequence homology. The appressorial fungi Magnaporthe grisea, Colletotrichum capsici, Colletotrichum gloeosporioides constitute one small related family, and M. fructicola, B. cinerea, and Py. brassicae, which typically do not form appressoria, constitute another.
Regulation of Cutinase Expression by Caffeic Acid
High concentrations of phenolic acids, especially chlorogenic acid (a caffeoyl-quinate ester), are present in the fruit surface of peach genotypes with a high level of brown rot disease resistance (Bostock et al., 1999) . When added to cultures of M. fructicola, chlorogenic acid, and specifically the caffeoyl moiety, inhibited cutinase activity in a dose-dependent manner. Neither caffeic acid nor its oxidation product caffeoyl quinone inhibited enzyme activity directly. Therefore, caffeic acid, a natural antioxidant, appears to inhibit cutinase production by M. fructicola.
To determine whether cutinase production is inhibited by antioxidants at the level of mRNA accumulation, RNA gel blot analyses were performed using poly(A) ϩ RNA samples prepared from cutin-induced mycelium grown in the presence or absence of caffeic acid in the medium. Caffeic acid inhibited cutinase mRNA abundance similar to its effect on protein abundance and activity in the culture filtrate. Cutinase activity and transcript abundance for caffeic acid treatment were 38 and 45% of the control, respectively (Figs. 5A and 5B). Glutathione (Figs. 5B and 5C), a nonpermeable antioxidant, and lipoic acid (Fig. 5B) , a cell-permeable antioxidant, also inhibited cutinase production in culture with lipoic acid having a stronger suppression.
Expression of Mfcut1 in Pi. pastoris
To further study the cutinase from M. fructicola, large amounts of the cutinase protein are needed for crystallization, antibody production, and enzyme kinetic studies. Most cutinases that have been studied are from plant pathogenic fungi, but most of these species are unsuitable for large-scale enzyme production due to either low production levels or constraints with respect to genetic manipulation and large-scale fermentation culture. Heterologous expression of a cutinase from F. solani f. sp. pisi in yeast has met with only limited success (VanGemeren et al., 1995) . We selected the Pi. pastoris expression system since it is well known to be able to secrete large amounts of various heterologous proteins, although it had never been used to express fungal cutinases.
To determine whether the signal peptide of MFCUT1 could specify its secretion from the Pichia cells, two constructs were created that contain variants of the cutinase coding sequence placed downstream of the Pichia alcohol oxidase promoter. The first construct consisted of the native leader signal peptide sequence and mature protein sequence of MFCUT1, and the second contained only the Saccharomyces cerevisiae ␣-factor leader sequence with the mature cutinase protein sequence. Eight Pichia transformants for each construct that displayed resistance to 4 mg/ml G418 were tested for induced expression. Both constructs yielded transformants with inducible esterase activity (data not shown). Two strains, A5 and B2, produced particularly high levels of esterase activity and were further analyzed. The A5 strain containing the native leader sequence of Mfcut1 was inconsistent in esterase production and so analysis was focused on strain B2. The negative control strain, which contained only the pPIC9K plasmid sequence, and the positive control strain, which produced BSA, both were induced with methanol. No esterase activity was detected in the supernatants of either the negative or the positive control strains. Therefore, the esterase activity detected in the strains containing the constructs resulted from expression of MFCUT1.
The B2 strain was induced in a large-scale preparation (400 ml). The proteins in the supernatant were precipitated with cold (Ϫ80°C) ethanol and resuspended in sodium phosphate buffer, pH 7.5, and a fraction eluted from the Ni 2ϩ -NTA affinity resin showed a single band with a molecular mass of 22.2 kDa (Fig. 6) . The supernatants of the positive and negative controls did not show any bands of corresponding molecular mass. Also, the 22.2-kDa protein disappeared in the flow-through fraction from the affinity column. Supernatants of negative and positive controls were then passed through the affinity resin. No protein eluted with the same elution buffer (data not shown), indicating that the 22.2-kDa protein was likely the engineered cutinase.
This protein was purified to homogeneity in a single step with the NTA affinity resin. Compared with the native M. fructicola cutinase, the expressed protein had a higher molecular weight due to the presence of the polyhistidine tag. Because high pH and imidazole interfered with the PNB assay, the SDS-PAGE gel was renatured and stained with solution containing 50 g ␣-naphthyl acetate, 50 g ␣-naphythyl butyrate, and 10 mg Fast blue RR salt in 100 ml of 0.1 M sodium phosphate buffer, pH 7.0. After a 1-h incubation at room temperature, a single stained band appeared in the gel (Fig. 6) . To confirm that the purified protein was the cutinase, the purified protein (10 g) was incubated with 3 H-labeled cutin for 8 h at room temperature with shaking. A control reaction contained 10 g of cutinase protein that had been boiled for 30 min. The activity of the purified protein was significantly higher than that of the supernatant of the control, confirming that the expressed protein possesses bona fide cutinase activity. The specific activity of the expressed cutinase was 14.3 cpm min Ϫ1 g Ϫ1 protein, comparable to that of the MF-CUT1 purified by trifluoroketone affinity chromatography (Wang et al., 2000) . The effects of GSH or the combination of GSH and caffeic acid on cutinase activity and mycelial growth in cutin-induced cultures. Cutinase activity in a noninduced culture using glucose (Glu) as a sole carbon source also is presented. Means and standard deviations from three separate determinations are indicated.
Point Mutagenesis and Enzyme Kinetics
To explore the function of the Ser103 and the novel His173, site-directed mutagenesis was performed to mutate Ser to Ala or Thr and His to Leu. All three purified mutant proteins had slightly increased K m values compared to the wild-type enzyme (Table 1 ). The reason for reduced binding affinity of the mutant proteins is unclear. Surprisingly, Ser103Ala had an increased turnover number (the number of moles of substrate transformed per minute per mole of enzyme); however, Ser103Thr and His173Leu had decreased turnover numbers.
DISCUSSION
Mfcut1 has a high degree of homology to cutA from B. cinerea and is similar to a number of other fungal cutinase sequences. As noted above, the protein encoded by Mfcut1 possesses several unique features relative to other cloned cutinases in its primary structure. In particular, the lipase serine in the cutinase-1 motif is unusual and the histidine substitution for glycine in the cutinase-2 motif
D and H are active site residues) is novel with respect to other described fungal cutinases (Ettinger et al., 1987; Martinez et al., 1994) . The cutinase from F. solani f. sp. pisi has been extensively studied, and its crystal structure has been resolved at 2.7 and 1.0 Å (Longhi et al., 1996 (Longhi et al., , 1997 . Sequence analysis indicates that the cutinases from F. solani f. sp. pisi and M. fructicola share common features, but are also different in a number of respects. Because of its small size and the presence of novel residues, MFCUT1 is a good candidate for crystallization and X-ray diffraction studies.
Cutinases belong to a class of serine hydrolases that share a structural feature called the ␣/␤ hydrolase fold (Martinez et al., 1992; Ollis et al., 1992) . The sequences within the ␣/␤ fold and around the catalytic residues are highly conserved among the known fungal cutinases (Ettinger et al., 1987) . This is the case with respect to the number of cysteine residues near the catalytic triad, suggesting that disulfide bonds near the active residues could play an important role in stabilizing the preformed active center within the framework of the ␣/␤ fold. However, our analysis of cutinases currently in the database reveals that sequences around aspartate and histidine are less conserved and that some fungal cutinases do not contain the cutinase-2 motif (consensus sequences) or catalytic residue (D) in the same position.
An additional serine in the active site of ␣/␤ hydrolase fold proteins has been shown, with very few exceptions, to be highly conserved in serine proteases and esterases, such as juvenile hormone esterase, acetlycholinesterase, and lipase, and has been termed the catalytic "tetrad" (Thomas et al., 1999; Wahab et al., 1993) . The second serine present in ␣/␤ hydrolase fold enzymes was proposed to play a significant role in the structure and catalytic activity of these proteins (Wahab et al., 1993) . Several site-specific mutants of serine protease and lipase suggest that modifying the second serine shifts catalytic activity and the free energy of catalysis by altering the local electrostatic environment and hydrogen bonding to the triad residues (McGrath et al., 1992; Wahab et al., 1993) . Thus far, cutinases from M. fructicola, B. cinerea, and Py. brassicae are the only cutinases possessing the second serine (Fig.  4) ; however, the significance of this serine in cutinases had not been addressed. The site-directed mutagenesis of MF-CUT1 in this study indicates that both Ser103 and His173 play significant roles in catalysis. The function of His173 is unresolved, although we speculate that this residue in MFCUT1 could also participate in the catalytic site instead of His181. All fungal cutinases contain at least one phosphorylation site that could be a target for protein kinase C, cAMP-and cGMP-dependent protein kinases, or casein kinase II. The significance of phosphorylation of the protein with respect to its activity is unresolved. Cutinase expression appears to involve a complicated signal transduction pathway. Cutinases are inducible by the presence of cutin monomers in the environment, with 10,16-dihydroxy-palmitic acid and 9,10,18-trihydroxy stearic acid being the best inducers of the F. solani f. sp. pisi cutinase (Bajar et al., 1991) . Cutinases also display glucose repression, and in F. solani f. sp. pisi, glucose depletion results in a threefold increase in the intracellular cAMP level. Addition of exogenous cAMP to a medium containing glucose and cutin hydrolysate abolishes the glucose suppression of cutinase gene transcription (Kolattukudy et al., 1995) . Cutinase transcription has been shown to involve phosphorylation of a tyrosine residue of a 50-kDa protein, and the fungal factor(s) in the nuclear preparation that stimulates transcription also catalyzes cAMP-dependent phosphorylation of the 50-kDa protein. However, there are no direct experimental data to support the notion that the 50-kDa protein functions as a transcription factor, per se.
The influence of redox status of the environment on fungal growth and activity is only beginning to be examined in various species (Georgiou, 1997; Hansberg, 1996; Lledias et al., 1999) . Although redox changes in host plants have been studied extensively in the context of hypersensitive cell death and disease resistance (Graham and Graham, 1999) , the effect of such changes on fungal pathogens (other than the antimicrobial activity of redox active compounds) has received little attention. Since stone fruits with high levels of surface phenolic acids, particularly chlorogenic acid, display a high level of brown rot resistance, and since chlorogenate does not inhibit the growth of M. fructicola or conidial germination in culture, we reasoned that phenolic acids may suppress activities that the pathogen needs for growth and colonization of its host. Indeed, we found that certain peach phenolic acids suppress cutinase activity of M. fructicola (Bostock et al., 1999) , but do not directly inhibit the enzyme. The addition of caffeic acid to modified Czapek-Dox medium reduced its electrochemical potential by as much as 70 mV (i.e., more reducing) relative to medium without caffeic acid (unpublished results). Our gel blot results indicate that the effect of antioxidant phenolic acids is at the level of mRNA accumulation, suggesting that redox status can influence transcription. Nuclear run-on experiments would confirm whether or not this is the case. Glutathione and lipoic acid also significantly attenuate M. fructicola cutinase production, indicating that the effect is likely a general effect of antioxidants rather than a pharmacological effect of a specific phenolic structural chemistry. Our results confirm that conditions encountered in the host microenvironment are important with respect to pathogen activity and that the influence of redox status on fungal gene expression is a fertile area for further research.
